Introduction
The phylum Nematoda is both speciose and biologically and ecologically diverse (Chitwood and Chitwood, 1974; Andrássy, 1976; Anderson, 1992; Malakhov, 1994) . Nematodes live at the bottoms of the deepest oceans (Ditlevsen, 1926) , in the frozen deserts of the Antarctic and in terrestrial soils and inshore muds, often in incredible numerical abundance (Platonova and Gal'tsova, 1976) . One of the best-known features of the Nematoda is that it includes a large number of parasitic species, many of which infect humans, domestic animals and food crops (Nickle, 1991; Anderson, 1992; Blaxter and Bird, 1997; Blaxter, 1998) . Phylogenetic analysis can answer questions pertaining to the evolution of the parasitic lifestyle. How often has it arisen? Are there common features of the non-parasitic relatives of parasitic groups that point to 'preadaptations' necessary in the evolution of the trait? Can a directionality of evolution be inferred for contrasting parasitic characters, such as host utilization or mode of infection? Is parasitism an ancient phenotype or one that has developed recently, or, how closely related are parasites to each other?
The free-living nematode Caenorhabditis elegans is the subject of one of the most wide-ranging analyses of biology of a single species yet attempted (Riddle et al., 1997; Bargmann, 1998; Blaxter, 1998; C. elegans Genome Sequencing Consortium, 1998; Chervitz et al., 1998; Clark and Berg, 1998; Ruvkun and Hobert, 1998) . In order to use this understanding to develop novel treatments for nematode-induced diseases, the relationship of C. elegans to parasitic species must be understood (Blaxter and Bird, 1997 Blaxter, 1998) . Once the evolutionary framework is in place, the search for genes and processes unique to or important in parasitism can be taken up in earnest.
This chapter discusses recent advances in molecular phylogenetic analysis of the phylum Nematoda. These advances offer for the first time a relatively unbiased view of the phylogenetic structure of the Nematoda, free of unquantifiable observer bias. In addition, they allow the testing of hypotheses of parasitic nematode evolution in a rigorous way. It is clear that molecular phylogenetic analysis promises insights into many corners of the phylum, and only a few of these are highlighted here; the main wave of molecular genetic insights will come soon from the accelerating genomic analysis of the Nematoda.
The Molecular Revolution
Before the advent of molecular phylogenetic analysis of nematodes, the systematic study of the phylum was hindered by: (i) the number of species and morphological diversity; (ii) the limitations of light microscopical analysis of nematode morphology; and (iii) the inevitable specialization of nematode sytematists. When most species under study are less than a couple of millimetres in size, and the characters being observed are at best difficult to classify and define homology in, the problem seems intractable. In particular, the separation of 'free-living' and 'parasitic' nematologists has led to parasites being classified in separate taxa (usually at ordinal level) unrelated to other forms. Several authors have presented schemas for the evolutionary relationships of the phylum and, not surprisingly, these are often in deep disagreement (Chitwood and Chitwood, 1974; Sudhaus, 1976; Maggenti, 1981 Maggenti, , 1983 Poinar, 1983; Lorenzen, 1994; Malakhov, 1994) . The best-known analysis proposes that the Nematoda can be split into two great classes, the 'Secernentea' and the 'Adenophorea', with most terrestrial and parasitic species being 'Secernentea' and most marine species being 'Adenophorea'. Recently, alternative hypotheses have been proposed, involving a threefold split in the nematodes (Malakhov, 1994) . At lower systematic levels, there are disagreements about the relationship of parasitic orders to each other and to free-living groups, and many families and genera are disputed entities.
In order to bring some clarity to the field, a universal metric is needed: a measure taken from any species that allows it to be compared, using verifiable methods, with other species, and to derive phylogenetic information from the comparison. Molecular phylogenetic markers offer such a solution (Hillis, 1987; Hillis et al., 1996) . By choosing a gene present in all species, and subject to the same (or at least similar) evolutionary constraint in all species, a database of comparable characters can be built and used to derive phylogenetic trees. There are several methods for building trees from aligned sequence datasets, and each has its own problems and benefits. However, when used together, and with correct application of statistical testing, these methods can yield testable phylogenetic hypotheses that appear to be robust and informative (Swofford et al., 1996; Swofford, 1999) . Genomic DNA sequences evolve at different rates depending on the constraints under which they are held. Non-coding, non-transcribed sequences will evolve faster than sequences encoding an essential protein.
Mitochondrial DNA also appears to evolve faster than nuclear DNA. Thus, when addressing a phylogenetic question, it is important to choose a segment of DNA that will have accumulated changes at a rate comparable to the phyletic events under study. For the analysis of populations or congeneric species, a rapidly evolving gene is chosen. For the analysis of deep phylogeny (the relationship of the Nematoda to other phyla, or the interrelationship of nematode orders), a slowly evolving gene is used. One problem is that if a set of phyletic events happened in quick succession a long time ago it may not be possible to resolve them. The slowly evolving gene used to resolve distant events might not retain a signal of the order of phylesis occurring over the short time span. Thus, adaptive radiations are often difficult to resolve, as a burst of phylesis takes place in a short space of deep time.
Two additional caveats, of a methodological sort, are important to note. One is that species identification is still of paramount importance. A taxon to be analysed needs to be placed into the known biology of nematodes in order for its inclusion to be meaningful. Misidentification will still lead to confounding errors. The second is that contamination of nematode sample DNA with DNA from other organisms (particularly of hosts or of food sources) can lead to isolation and sequencing of a gene from the wrong species (from a different phylum or even kingdom). Highly conserved genes are often conserved not only between species, but also between kingdoms, and PCR primers used to amplify nematode genes could accidentally amplify homologues from mammalian host or bacterial and fungal contaminants/food. This consideration is of particular importance in the analysis of museum specimens Herniou et al., 1998 ). While it is now possible to amplify genes from even long-term formalin-fixed nematodes, the presence of even small amounts of unfixed contaminant DNA can lead to mistakes. This is evident in the sequence dataset, as taxa that root erroneously have unexpected affinities or show remarkable identity to other organisms. Within the laboratory, contamination with fungal DNA from human commensals is a common and worrying problem.
Molecular Markers
In the short history of nematode molecular phylogenetics, a number of different genes have already been used for analysis: cytochrome c (Vanfleteren et al., 1994) , globin (Blaxter et al., 1994a,b; Vanfleteren et al., 1994) , RNA polymerase II , heat shock protein 70 (Snutch and Baillie, 1984; Beckenbach et al., 1992) , ribosomal RNAs and their spacer segments (Aleshin et al., 1998; Blaxter et al., 1998; Kampfer et al., 1998; Dorris et al., 1999) and mitochondrial genes (Hyman and Slater, 1990; Anderson et al., 1993; Pelonquin et al., 1993; Powers et al., 1993; Grant, 1994; Hyman and Beck Azevedo, 1996; Blouin et al., 1997; Hugall et al., 1997; Keddie et al., 1998) . The slowly evolving genes (cytochrome c, globin, coding regions of ribosomal RNAs, RNA polymerase II, heat shock protein 70) are suitable for the analysis of deep events in nematode evolution, while the mitochondrial and ribosomal spacer genes are more suited to intra-species, intra-genus, and intra-family analyses. One of the issues clearly raised in these studies is the problem associated with multigene families where different family members perform different functions (i.e. are paralogues) and have evolved differently: the phylogenies constructed will thus reflect gene evolution (including gene duplication) rather than species evolution (Blaxter et al., 1994a) . As the nematode genome projects progress, additional genes may become available for analysis (Moore et al., 1996; Blaxter et al., 1997a Daub et al., 2000) .
The ribosomal RNAs (rRNA) have been most extensively studied. The rRNA genes are favourite choices because they are present in multiple (and probably identical) tandemly arrayed copies (and thus provide a large molar excess of target in PCR reactions compared with single-copy genes) and there is an extensive literature on the mode and tempo of evolution of the genes from other studies. These studies reveal that the evolution of rRNA gene clusters is mosaic in that some regions -essentially the coding regions: small subunit or 18S (ssu), large subunit or 28S (lsu) and 5.8S genes -evolve relatively slowly; while others -the internal (ITS-1 and ITS-2) and external transcribed spacer regions, and the non-transcribed spacerevolve relatively rapidly. Even within the coding regions there are regions with widely differing rates of molecular evolution. The choice of a single gene or set of genes for analysis promotes collaboration and synthesis of datasets from different laboratories, while the use of multiple different genes allows independent assessment/confirmation of hypotheses.
The Structure of the Nematoda and the Origins of Parasitism
Small subunit rRNA gene sequences have been determined for a large number of nematode taxa distributed across the phylum (Ellis et al., 1986; Zarlenga et al., 1994a,b; Fitch et al., 1995; Fitch and Thomas, 1997; Aleshin et al., 1998; Blaxter et al., 1998; Kampfer et al., 1998; Dorris et al., 1999) . These can thus be used to examine the relationships of the different nematode orders. The pattern of nematode evolution that emerges is radically different from most published schemata, but agrees with some of the conclusions reached in recent, cladistic analyses of morphology. The Nematoda has a tripartite structure, and the 'Adenophorea'/'Secernentea' division is not supported. In our original analysis , we used 54 different nematode ssu rRNA genes. In the interim, additional sequences have been published (Nadler, 1992 (Nadler, , 1995 Aleshin et al., 1998; Kampfer et al., 1998) . Addition of these to our dataset confirms and extends the original findings (Dorris et al., 1999) . Importantly, we still do not find an 'Adenophorea'/'Secernentea' division, unlike one study using ssu rRNA sequences that may have been in error due to taxon sampling biases (Kampfer et al., 1998) .
The basic divisions of the Nematoda are between clades I, II and C&S ( Fig. 1.1 ). Clade I, which corresponds to the Dorylaimida (with the addition of the free-living Mononchida, insect-parasitic Mermithida and vertebrate-parasitic Triplonchida) includes invertebrate, vertebrate and plant parasites, and both marine (benthic) species as well as terrestrial ones. The human parasites Trichuris and Trichinella are in this clade. Clade II corresponds to the Enoplida (with the addition of the Triplonchida) and includes marine and plant-parasitic species. Clade C&S (Chromadorida and Secernentea) is a novel combination of the marine Chromadorida and all the taxa previously grouped in the class 'Secernentea'. Chromadorids are free-living marine species, with a few terrestrial/freshwater representatives. A chromadorid radiation is evident, with the Plectidae being the sister taxon to the Secernentea. The Secernentea can be further divided into three clades that group animal-parasitic, plant-parasitic and free-living species in novel combinations.
Clade III comprises only animal parasites. This was entirely unexpected, and such associations had not been made before, but the sequence data are striking in their 100% bootstrap support for this clade. The clade includes four traditional orders: the ascarids (Ascaris, Toxocara), the spirurids (filaria such as Brugia and Onchocerca), the oxyurids (the pinworms such as Enterobius) and the rhigonematids (millipede parasites). The different orders are very close genetically. The Spirurida may be an invalid taxon: the gnathostomes lie basal to a compound clade of the other spirurids and the other orders. Resolution of species within each order is poor with the ssu rRNA sequence (Nadler, 1992 (Nadler, , 1995 , and no close association with intermediate or definitive host biology/systematics is readily discerned.
Clade IV is also a novel association of animal-parasitic, plant-and fungus-parasitic and free-living groups, unexpected from previous analyses. It includes the free-living Cephalobida, the plant-parasitic and insectparasitic Tylenchida, fungivorous Aphelenchida and a group of insect and vertebrate parasites including Strongyloides and Steinernema. Clade IV is much more diverse genetically than clade III and can be split into two parts (Dorris et al., 1999) . The reality of this division is unclear as there are Blaxter et al. (1998) , with the addition of sequences from Aleshin et al. (1998) , Nadler (1998) Kampfer et al. (1998) . The NJ tree was built using the general time reversible model of nucleotide substitution with a gamma distribution with shape parameter 0.7. All analyses were performed using PAUP* 4.02 (Swofford, 1999) . Beside the phylogram are the clades described in the text. C, chromadorida. (B) A bootstrap Blaxter et al. (1998) for the numbered and named clades). Adapted from Dorris et al. (1999) .
possible methodological problems associated with very long predicted branch lengths in some taxa. Clade V links the free-living, microbivorous Rhabditida and Diplogasterida with the vertebrate parasitic Strongylida. C. elegans is a rhabditid, and its closest major parasitic sister taxa are thus the gut-and lung-parasitic strongyles, such as the human hookworms (Necator, Ancylostoma). The nematodes in clade V are very diverse genetically, and analysis using ssu rDNA reveals significant structure ( Fig. 1.2) (Fitch et al., 1995) . Within the Rhabditida are many examples of close association (phoretic association) and even near-parasitism of insects. In particular, Heterorhabditis is a pathogen of insect larvae in the soil, and invades and kills its host with a symbiotic bacterium.
Strongylid Evolution Revealed by Three Different Genes
The Strongylida (within clade V) are a diverse and important parasitic group. Their evolutionary relationships have been a subject of research and debate for many years Durette-Desset et al., 1994 Chilton et al., 1997a,b; Sukhdeo et al., 1997) . In particular, the concepts of horizontal transmission between host species and vertical transmission within lineages of hosts have been examined and discussed: strongylids are found in hosts as diverse as birds and eutherian mammals. The abundance of 'morphology' in these relatively large nematodes, particularly the male bursa and its rays and the cuticularization of the buccal capsule/stoma, has permitted researchers to generate robust and testable hypotheses of strongylid evolution (Durette-Desset et al., 1999) .
Strongylid evolution has been traced using five genes. The globin genes are found in multiple isoforms in each species (a myoglobin and a cuticle globin, but in several strongyles there are multiple copies of the cuticle globin gene; Blaxter, 1993; Blaxter et al., 1994a; Daub et al., 2000; Blaxter, unpublished) making evolutionary reconstruction of species evolution problematic. The mitochondrial cytochrome oxidase I (COI) gene has been proposed as a marker and used to examine the mode of evolution of parasitic phenotypes (Sukhdeo et al., 1997) . However, as can be seen from Fig. 1.3 , the COI gene does not yield a strong phylogenetic signal and leaves the strongylids unresolved. This is because there have been many multiple substitutions in the gene, leading to convergence. The 5.8 S rRNA gene has also been used, but this too yields unresolved phylogenies, as there is too little variation ). There is not such an extensive dataset for the ssu rRNA gene (Zarlenga et al., 1994a,b; Blaxter et al., 1998; Dorris et al., 1999) , but analysis of the available clade V sequences reveals some strongly supported structure in the Strongylida, with the two representatives of the Metastrongyloidea significantly linked as a monophyletic clade ( Fig. 1.2 ). There is, again, too little variation in the ssu gene to resolve the phylogeny further. There is now a large number of ITS sequences, particularly ITS-2 sequences, from strongylida in the databases (Campbell et al., 1995; Chilton et al., 1995 Chilton et al., , 1997a Chilton et al., ,b, 1998 Hoste et al., 1995; Stevenson et al., 1995 Stevenson et al., , 1996 Gasser et al., 1996 Gasser et al., , 1998 Hung et al., 1997; Romstad et al., 1997a Romstad et al., ,b, 1998 Newton et al., 1998) . Analysis of these ( Fig. 1.4) confirms, for the taxa analysed, the division into superfamilies (Ancylostomatoidea, Trichostrongyloidea and Strongyloidea; no members of the Metastrongyloidea were analysed). Within the Strongyloidea there is significant structure that, interestingly, intermixes marsupial (metatherian) and eutherian mammal parasites, suggesting multiple transfers of parasites between these two host groups, and separates taxa currently placed in the same genus (Oesophagostomum is no longer monophyletic as the Oesophagostominae clade includes Chabertia nested within Oesophagostomum species) or family (the Phascostrongylinae and Cloacininae are split) (Dorris et al., 1999) . Within the Trichostrongyloidea, the structure revealed is not statistically supported by bootstrap analysis, and no direction of evolutionary change between the different families can be proposed. In re-analysis of a dataset comprising just the Trichostrongyloidea, with Strongylus edentatus as an outgroup, the same result is achieved (not shown). Thus, the ITS-2 dataset is sufficient to resolve the Strongyloidea but not the sampled taxa of the Trichostrongyloidea (where there is insufficient variation in the ITS-2 sequence, and variable portions are difficult to align). This problem could be resolved by analysis of additional genera within the Trichostrongyloidea (only five out of more than 50 proposed are represented). Comparison with published analyses of morphological characters using cladistic methods (Durette-Desset et al., 1999) is also compromised by the lack of generic representation.
Resolution of Species Complexes by Molecular Phylogenetics
Molecular phylogenetics can also be used to look at the population structure of species and the relationships between/within species complexes. Chapter 4 discusses the use of ITS sequence and ITS restriction fragment length polymorphism (RFLP) in distinguishing between different closely related species for diagnostic purposes. Differences in ITS sequence within species of human hookworms have also been demonstrated. Using highly variable sequences, questions of the relationships of isolates/ subspecies can be resolved. For example, the closely related nematodes Bursaphelenchus mucronatus and B. xylophilus have very different disease phenotypes, with B. xylophilus associated with the economically important pine wilt disease while B. mucronatus is only associated with pines already damaged (Wingfield et al., 1984; Rutherford et al., 1990) . The global distribution of pathogenic Bursaphelenchus suggested that different 'xylophilus' isolates might be different species with different pathogenic profiles, and even that some 'mucronatus' nematodes might cause disease (De Guiran and Boulbria, 1986; De Guiran and Bruguier, 1989; Webster et al., 1990; Abad et al., 1991; Beckenbach et al., 1992; Riga et al., 1992; Iwahori et al., 1998) . The relationships between a panel of isolates from around the world was resolved using ITS phylogenetics and clearly demonstrates that the two species, while diverse, are distinct genetic entities ( Fig.  1.5 ) (Beckenbach et al., 1999) . Isolates from different regions of the globe (Japan versus Europe) did not cluster. Similar analyses have been carried out to distinguish human and pig Ascaris using mitochondrial sequencing or haplotypes derived from PCR-RFLP analysis (Anderson et al., 1993 (Anderson et al., , 1995a Anderson, 1995; Anderson and Jaenike, 1997; Peng et al., 1998) .
The Evolution of Parasitic Phenotypes
The evolution of parasitic phenotypes in nematodes is a topic of active practical and theoretical research (Skorping et al., 1991; Read and Skorping, 1995a,b) . Understanding the mode and tempo of acquisition of particular phenotypes associated with succesful parasitism will permit fuller appreciation of the evolutionary constraints experienced by organisms adapting to new hosts. Within the Nematoda, parasitism has arisen multiple times . The plant-parasitic Tylenchida, Dorylaimida and Triplonchida have acquired the phenotype independently. The insect/invertebrate parasitism of the species in clades V, IV, III and I have similarly arisen independently. Vertebrate parasitism has arisen at least four times, in the Trichocephalida of clade I, the three orders in clade III, the Strongyloididae of clade IV and the Strongylida of clade V. As there are still additional animal parasitic groups that have not been analysed (importantly including Dioctophyme and Capillaria) the number of independent acquisitions of vertebrate parasitism predicted may still be an underestimate. The import Fig. 1.3. (Opposite) COI genes of strongylid and other nematodes. Aligned COI sequences (from Sukhdeo et al., 1997 (where each is designated by the GenBank accession number), except for Ascaris suum ASCOI and C. elegans CECOI which are from Okimoto et al. (1992) , O. volvulus COI which is from Keddie et al. (1998) and B. malayi COI sequence which is unpublished data of the author) were analysed using maximum parsimony and neighbour joining. of this is that we must search for not a unifying single 'reason' for parasitism, but multiple and possibly complex adaptations that may be specific to each clade.
An oft-quoted preadaptation of free-living nematodes to parasitism is the existence of a dauer or resting stage (Riddle et al., 1981; Riddle, 1988 Chilton et al. (1995 Chilton et al. ( , 1997a Chilton et al. ( ,b, 1998 and Gasser et al. (1996 Gasser et al. ( , 1998 Viney, 1999). The dauer in most rhabditids (clade V free-living nematodes) is a modified or alternate third stage larva (L3). In C. elegans a genetic pathway for dauer induction, maintenance and exit has been elucidated that involves environmental sensing and intra-organismal hormone-like signalling (Riddle et al., 1981; Riddle, 1988) . The ability to generate dauerconstitutive mutants of C. elegans by changes at single genetic loci (Riddle et al., 1981) offers a clear theoretical route to the evolution of constitutive infective L3 (dauer homologue) formation in parasitic groups. In this context, the genus Strongyloides has been held up as a group that has gone 'half-way' to parasitism. The Strongyloides life cycle includes a facultative free-living phase, where emergent L1 females can choose between proceeding to the infective L3, or becoming fecund, sexually reproducing adults and producing many infective L3 progeny, depending on their environment (Viney, 1994 (Viney, , 1996 (Viney, , 1999 . Thus, analysis of the dauer-L3 decision can be taken as a model for the infective L3 versus free-living L3 decision in Strongyloides, and the Strongyloides pattern/process can be taken as a model for all infective L3 generations (and particularly those that, like Strongyloides, have an invasive mechanism). While this argument is persuasive, it must be tempered by the phylogenetic relationships of the species. Strongyloides has traditionally been classified as a rhabditid (and thus a member of clade V). The ssu rRNA analysis clearly and robustly places Strongyloides in clade IV, close to free-living cephalobes and the plant-, fungus-and insect-parasitic aphelenchs and tylenchs. This novel association also unites Strongyloides with a number of other species with 'alternating' life cycles (Nickle, 1991) , suggesting that Strongyloides is the highly evolved, vertebrate parasitic member of a clade of organisms with a propensity for complex life cycles. Unfortunately, not many of these other species have been studied molecularly, but two are now available. Rhabdias bufonis is a frog parasite that has an alternating lifecycle -in this case, an obligatory alternation between parasitic and free-living phases. The ssu rRNA data place Rhabdias as a sister taxon to Strongyloides (M. Dorris and M. Blaxter, unpublished) . Rhabdias has morphological characters uniting it with the Alloionematida, a group of insect parasites with complex life cycles (Nickle, 1991) . One non-parasitic member of the Alloionematidae has been sequenced and is placed in the Rhabdias-Strongyloides clade (M. Dorris and M. Blaxter, unpublished) . Within clade IV, many taxa have the ability to arrest at multiple stages of their life cycles, not just the L3. Thus Bursaphelenchus arrests as an L4, and many cephalobes can arrest at several larval stages. Plant-parasitic tylenchs also arrest at stages other than L3. Analysis of the mechanisms underlying the Strongyloides L3 decision may thus reveal biology peculiar to the species in clade IV, rather than universal mechanisms behind infective L3 biology in all parasites.
One of the longest-standing puzzles in nematode parasitism is the presence of an obligatory tissue migration phase in the life cycles of some gut-parasitic species (Read and Skorping, 1995b) . As this tissue migration results in an appreciable attrition of individuals, there must be a strong selective force maintaining the phenotype. Explanations of the phenotype take two forms. One suggests that it is an evolutionary relic revealing that the nematodes' ancestors were originally skin penetrators, which had to migrate through the tissues to reach the gut. The other suggests that it is an adaptation with current relevance to the nematodes' biology, and is a mechanism whereby they can grow larger as larvae and thus produce larger numbers of offspring as adults. The second view allows for independent gain and loss of the phenotype, depending on environmental and epidemiologial parameters, while the first would suggest that such a complex phenotype can only be lost. Sukhdeo et al. (1997) presented an analysis of the phylogeny of strongylid nematodes which they claim demonstrated that the ancestral nematode was a skin-penetrating tissue migrator, and that one clade of parasites (the Trichostrongylidae and Heligmosomidae) has secondarily reduced or lost this tissue migration. The claim was based on a molecular phylogenetic analysis of mitochondrial COI genes from 12 species, including three from nematodes outside the Strongylida. As described above, the COI sequences do not yield a robust phylogeny (Fig. 1.3 ) and it is therefore not possible to make any inference about the direction of evolutionary change in terms of tissue migration phenotypes, or to derive an ancestral condition. The resolution of this question awaits further sequence analysis. However, the placement of Heterorhabditis as a sister taxon to the Strongylida suggests that invasion may have been the original phenotype, as Heterorhabditis invades the larvae of its insect vicitms by crossing the cuticle. Indeed, all the vertebrate-parasitic species of clades II, IV and V have closely related (and in IV and V closest sister) taxa that are insect parasites or pathogens. This association strongly suggests that insect parasitism may have been a repeated prelude to vertebrate parasitism.
Concluding Remarks
If we are to gain insight into the evolution of complex parasitic phenotypes such as those dealt with above, there must be rigorous application of both molecular phylogenetic inference and the comparative method (Harvey and Pagel, 1991; Skorping et al., 1991; Read and Skorping, 1995a,b) . The generation of datasets from large numbers of species will yield robust answers to questions of this kind in the near future.
